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Biological sensorPresent strategy introduces a novel method established for the synthesis of spherical shape ErVO4/
MnWO4 heterostructures by a sonochemical method. This heterostructures with optima morphology
can be synthesized by changing power and time ultrasound irradiation without any capping agent.
BET analysis revealed that ErVO4/MnWO4 prepared in the presence of ultrasonic procedure has 75 times
specific surface area as much as that of those was produced in the absence of ultrasonic rays. A variety of
analyses (i.e., BET, XRD, TEM, EDS, FT-IR, and SEM) were applied for characterization of the ErVO4/
MnWO4. Next, a selective and sensitive nanostructured sensor based on ErVO4/MnWO4 nanocomposite
modified carbon paste electrode (ErVO4/MnWO4/CPE) was constructed for electrochemical detection of
tyrosine (Tyr). The electrochemical characterizations were performed using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV). Compared with
the unmodified CPE, the oxidation peak current was significantly enhanced for Tyr. The impact of effec-
tive parameters on voltammetric response of Tyr was analyzed with design of experiments (DOE) and
response surface methodology (RSM). Under the optimized conditions, the oxidation peak current of
Tyr was linear over a range of 0.08–400.0 lM with a detection limit of 7.7 nM. Finally, the usage of
the proposed method was confirmed by the recovery tests of Tyr in biological samples.
 2019 Published by Elsevier Ltd.1. Introduction
Current medical advances have focused on the hygienic, per-
sonal and community health issues to find novel and effective bio-
molecules. In this regards, any development in medical andhygienic fields has resulted in a more requirements to establish
better accurate measurement methods. Proteins are one of very
important components of all cells which have crucial roles in wide
ranges of biological processes, and are composed of different
amino acids. Of various amino acids, Tyrosine (Tyr) is a main amino
acid which has major roles in protein structures. This amino acid is
used as protein-based supplements for treatment of various types
of genetic disorder such as phenylketonuria (PKU). Tyr is also being
utilized to improve learning, memory, and consciousness in stress-
ful conditions. The producer of important chemical materials in
brain can help neurons to communicate and possibly they are able
to adjust our tempers [1,2].
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ciated to several human diseases. High level of Tyr can cause
dementia or Parkinson’s disease while lack of the compound may
lead to hypochondrium, depression, alkaptonuria and albinism
[3]. Therefore, it is very important to develop an accurate, rapid,
simple and inexpensive method for detection of low concentra-
tions of Tyr. Several methods have been employed for measure-
ment of Tyr including spectroflurometric [4], spectrophotmetric
[5], electrochemistry [6] and high performance liquid chromatog-
raphy (HPLC) methods [7]. Response surface methodology (RSM)
and designs of experiments (DOE) are strategies to collect empiri-
cal knowledge based on the study of experimental data. Further-
more, the experimental parameters of differential pulse
voltammetry (DPV) have an important influence on the peak cur-
rents of analytes at the surface of nanostructured modified elec-
trodes. Also, an effective experimental design method was
introduced for process of analysis and modeling of central compos-
ite design (CCD) [8]. Metal tungstate and lanthanide vanadate have
been prepared by different methods such as hydrothermal, solid-
state reaction, precipitation, sol–gel, and microwave methods [9–
14]. Given that utilization of sonochemical methods are associated
to some advantages, nanomaterials which have been synthesized
by these strategies have a faster reaction times, higher surface area,
uniform size distribution, and improved phase purity [15]. ErVO4/
MnWO4 heterostructures was successfully prepared for the first
time by simple and novel ultrasonication method without the aid
of capping agent. The impact of the kind of ultrasonic time and
power on the quality crystals and morphology of this heterostruc-
tures has been evaluated for optimization of the production condi-
tion. We assessed ErVO4/MnWO4 heterostructures by Brunauer–
Emmett–Teller (BET), X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDS) Fourier transform infrared spectroscopy (FT-IR), and scan-
ning electron microscopy (SEM) techniques.
In this work, a sonochemical method was applied for synthesis
of our final products. Then, a sensitive ErVO4/MnWO4 heterostruc-
tures modified carbon paste electrode (ErVO4/MnWO4/CPE) was
designed for determination of Tyr amino acid. Also, the influence
of experimental factors on the DPV peak current of Tyr was evalu-Schemeated based on multi-factor interaction effects. Accordingly, the
determination of Tyr was accomplished based on ErVO4/MnWO4/
CPE using DPV, under the optimized conditions. Additionally, the
feasibility and practicality of the nanostructured sensor were con-
firmed by the detection of Tyr in biological samples. To our best of
knowledge, no method using ErVO4/MnWO4 heterostructures and
multivariate optimization has been reported for determination of
Tyr.2. Materials and methods
2.1. Materials
Ammonium vanadate, Erbium (III) nitrate, Sodium tungstate,
Manganese nitrate, Tyr, carbon graphite powder, paraffin oil, and
other chemicals were purchased from Merck. Stock solutions of
0.2 M H3BO3, H3PO4, CH3COOH, and a saturated solution of NaOH
were applied for preparation of 0.2 M Britton-Robinson (B-R) buf-
fer. All solutions were prepared using analytical grade chemicals
and deionized water.2.2. Structural characteristics of ErVO4/MnWO4 heterostructures
The morphology and size in the preparation of ErVO4/MnWO4
were performed using the field emission gun-transmission elec-
tron microscope (FEF-TEM200 kV, Jeol JEM-2100F, Tokyo, Japan).
For the elemental analysis of the heterostructures, Energy- disper-
sive X-ray spectroscopy (EDX) was performed during SEM imaging.
The structural characterization of the heterostructures was ana-
lyzed by Smart lab Rigaku Diffractometer (XRD) which was func-
tioning at 20 kV in continuous scanning step-scans mode. The
XRD was recorded as a function of 2h angle, ranging from 10 to
80, with a step size of 0.01 and scanning speed of 0.1 s/step using
a monochromatic X-ray beam by applying a diffractometer of Phi-
lips Company with X’Pert promonochromatized Cu Ka radiation
(k = 1.54 Å). We plotted the obtained XRD data with no software
processing except for background subtraction. The FTIR study of
the compound was done using a Nicolet Magna- 550 spectrometer1.
Table 1
The preparation conditions of the ErVO4 nanostructures and ErVO4/MnWO4 heterostructure.
Sample No Power Sonication time (min) Calcined temperature C Crystal size Product Figure of SEM images
1 60 5 500 22 ErVO4 –
2 60 5 – – ErVO4/MnWO4 –
3 60 5 500 24 ErVO4/MnWO4 Fig. 3a
4 120 5 500 23 ErVO4/MnWO4 Fig. 3b
5 180 5 500 21 ErVO4/MnWO4 Fig. 3c
6 180 10 500 18.9 ErVO4/MnWO4 Fig. 4a
7 180 15 500 18.2 ErVO4/MnWO4 Fig. 4b
8 180 20 500 17 ErVO4/MnWO4 Fig. 7b
9 – – 500 29 ErVO4/MnWO4 Fig. 5a
Table 2
The adsorption/desorption parameter of the ErVO4/MnWO4 heterostructure prepared with and without ultrasonic wave.
Product Power Total pore volume Mean pore diameter Specific surface areas
ErVO4/MnWO4 – 0.00505 190.55 1.4109
ErVO4/MnWO4 180 0.3733 67.63 106.50
Fig. 1. XRD pattern of nanostructure obtained under ultrasonic wave for 5 min with power 60 W (a) ErVO4 at 500 C, (b) ErVO4/MnWO4 at 25 C and (c) ErVO4/MnWO4 at
500 C.
A. Khoobi et al. / Polyhedron 177 (2020) 114302 3
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transmittance by a 3000 hyperion microscope with vertex 80 FTIR
system which had a spectral resolution of 0.2 cm1 and scan speed
of 65 spectra/s at 16 cm1. Thermal degradation or thermal stabil-
ity study of heterostructures were done by employing a thermal
gravimetric analysis instrument (Shimadzu TGA-50H) with a flow
rate of 30.0 mL min C and a heating rate of 22 C min with
heterostructures performed on thermo gravimetric analyzer
(TGA) (Perkin Elmer USA, Diamond TG/DTA). The surface area in
characterization of the heterostructures was performed on SMART
SORB 92/93, Brunauer-Emmett-Teller (BET) surface area analyzer.
The N2 adsorption/desorption analysis was performed to calculate
the surface area.
2.3. Synthesis of ErVO4/MnWO4 heterostructures
1 mmol of erbium nitrate in 30 ML of double distilled water was
dissolved in room temperature. Furthermore, 1 mmol of ammo-
nium vanadate was dissolved in 30 ML of distilled water in 70 C
for 30 min under constant magnetic stirring. Then we added
urbium nitrate solution into ammonium vanadate with ultrasonic
waves in room temperature. On the other hand, we separately dis-
solved 1 mmol of Mn nitrate and Na tungstate in double distilled
water with pH = 5 in room temperature. Firstly, the sodium tung-
stae solution was added into erbium vanadate solution. After-Fig. 2. XRD pattern of ErVO4/MnWO4 heterostructure obtained under ultrawards, the manganese tungstae was added drop wise into the
solution including nanostructure erbium vanadate and sodium
tungstate under ultrasonic rays in normal temperature. The yel-
lowish brown precipitation presents the fabrication of ErVO4/
MnWO4 heterostructures. Finally, the compound was calcined for
1 h in 500 C. Then, we investigated optimization of power and
time in ultrasonic waves to reach optimum morphology. Also, all
sages in fabrication of heterostructures were done without the
presence of ultrasonic waves Scheme 1. The different conditions
for preparation of heterostructures have come to show in Table1.
2.4. Electrochemical studies
Electrochemical impedance spectroscopy (EIS) analysis was
performed using an Autolab potentiostat-galvanostat PGSTAT 35
(Eco Chemie Utrecht, Netherlands), equipped with NOVA 1.6 soft-
ware. Other electrochemical studies were carried out by a Sama
500 potentiostat (Iran). A conventional three electrode systems
containing ErVO4/MnWO4/CPE, an Pt wire (Metrohm, Switzerland)
and Ag/AgCl/KCl (3.0 M) (Metrohm, Switzerland) were applied as
working, counter and reference electrodes, respectively.
The CPE was constructed by mixing of 0.5 g graphite powder
with 0.18 g of paraffin oil in pestle mortar. For preparation of
ErVO4/MnWO4/CPE, optimum amount of ErVO4/MnWO4
heterostructures was added to ethanol and sonicated for 30 minsonic wave for 5 min with power (a) 120 W and (b) 180 W at 500 C.
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calculated based on multivariate optimization method. Next, this
suspension was mixed with 0.5 g of graphite powder and ethanol
was evaporated. Then, 0.18 g of paraffin oil was added and mixed
to achieve a uniform paste. Finally, the paste was packed into a
cavity of the electrode body and the surface of the electrode pol-
ished by a weighing paper. Also, electrical connection to the paste
was established by a copper wire.Fig. 3. XRD pattern of ErVO4/MnWO4 heterostructure obtained under ultrasonic wave w
wave at 500 C.2.5. Optimization strategy and data analysis
The effects of process parameters, containing pH (X1), amount
of ErVO4/MnWO4 heterostructures (X2), step potential (X3) and
pulse height (X4) were assessed using a rotatable central composite
design (RCCD) in the form of (RSM). Five levels for each factor were
considered to carry out the experiments. Data analysis was studied
using the MINITABRelease 16, developed by Minitab Inc. (USA)ith power 180 W for (a) 10 min (b) 15 min, (c) 20 min and (d) without ultrasonic
6 A. Khoobi et al. / Polyhedron 177 (2020) 114302software. Four independent variables, pH (5.00–9.00, X1), ErVO4/
MnWO4 heterostructures amount (1.00–5.00 mg, X2), step poten-
tial (0.001–0.009 V, X3) and pulse height (0.02–0.06 V, X4) were
evaluated at 5 levels with 3 replicate at the center point and a cal-
culated ±2 [28]. Thus, we needed 4 parameters and 27 tests to run
for optimizing of factors. The coded and actual level values of each
parameter are presented in Table 2.Fig. 4. FT-IR spectra of (a) ErVO4 and (b) ErVO4/MnWO4 heterostructure.
Fig. 5. EDS pattern of ErVO4/MnWO4 heterostructure under ultrasonic wave for
20 min with power 180 W (Sample No. 8).3. Results and discussion
3.1. Characterization
X-ray analysis is being extensively applied in research for
obtaining the crystal structure and purity of nanostructures [16–
21]. The XRD pattern of ErVO4 nanostructures with a power of
60W is displayed in Fig. 1a. The spectrum of bare ErVO4 nanostruc-
tures shows a series of diffraction peaks at the position of 18.86,
25.07, 33.67 and 49.92 with lines (1 0 1), (2 0 0), (1 1 2) and
(3 1 2), respectively which is in good agreement with the tetrago-
nal phase with space group of I41/amd (JCPDS 01–072-0860) and
calculated cell parameters of a = b = 7.0975 Å and c = 6.2723 Å [22].
ErVO4/MnWO4 was prepared in room temperature and calcined
in 500 C to investigative the effect of temperature on the crystal
structure. Besides, the XRD pattern of ErVO4/MnWO4 prepared in
room temperature with low crystallinity has been displayed in
Fig. 1b. The XRD pattern of ErVO4/MnWO4 heterostructure pre-
pared with power of 60 W and 5 min in 500 C has been displayed
in Fig. 1c. ErVO4/MnWO4 heterostructure is pure and composed of
ErVO4 (JCPDS 01–072-0860 and space group of I41/amd) and
MnWO4 (JCPDS 01–080-0134 and space group of P2/c) shows a ser-
ies of diffraction peaks at the position of 18.48, 29.98, 30.46 and
51.61 with lines (1 0 0), (1 1 1), (1 1 1) and (1 3 0), respectively
which is in good agreement with the tetragonal phase and calcu-
lated cell parameters of a = 4.7980b = 5.7106 Å and c = 4.9738 Å
[30]. From the Fig. 1(c), one can confirm the presence of XRD peaks
of ErVO4/MnWO4 heterostructure. The average crystallite diameter
was calculated using Debye-Scherrer [23] formula, and it found to
be 35 nm.
To investigate effects of ultrasonic irradiation on structure of
crystal in heterostructure, we used such waves with the power of
120 W and 180 W (Fig. 2a, b). Our calculation showed that
heterostructure prepared with the power of 120 and 180 W has
the size of 27 and 23 nm, respectively. Therefore, increasing of
power can result in decrease in the size of ErVO4/MnWO4
heterostructure. Then, we verified the influence of time on the
structure and size of crystals. To do so, we prepared ErVO4/MnWO4
heterostructure with the power of 180 W and time 10, 15, 20 min
under ultrasonic waves. According to the Fig. 3a–c with increasing
time, the size of crystals reduced from 23 to 16 nm. Hence, simply,
one can conclude that the trend of reduction in the size of crystals
matches the SEM images. The prepared ErVO4/MnWO4 without
ultrasonic irradiation as shown in Fig. 3d. according to this figure,
ultrasonic waves not only can reduce the size of crystals but also
can produce pure ErVO4/MnWO4 heterostructures.
We used the FTIR analysis in the range of 400–4000 cm1 to
evaluate the composition and quality of the ErVO4 and ErVO4/
MnWO4 heterostructures as shown in Fig. 4(a and b). In Fig. 4(a)
the peak at 3441.96 cm1, which corresponds to OAH stretching
of water molecules is presented in ErVO4 [24]. A week band was
observed at 1632.26 cm1 corresponding to Bending band of inter-
calated OAH in water. The observed peak at 817.77 and
451.81 cm1, which corresponds to O-V-O and Er-O stretching
vibrations exist in ErVO4 [25]. The FT-IR spectrum of the compound
has been shown in Fig. 4b. which clearly exhibits a red shift in
compare with ErVO4 nanostructure. The FT-IR spectrum showstwo peaks at 3438.55 and 1635.24 cm1 which related to bending
and stretching vibrations available in water. The observed peak at
828.28 and 488.93 cm1, which is related to the V-O and Er-O
stretching vibrations exist in ErVO4. Furthermore, two strong peaks
associate with stretching vibrations of W-O (935.94 cm1) and Mn-
O (595.32 cm1) confirm pure ErVO4/MnWO4 heterostructures
[13]. Based on the Fig. 5, sample No. 4 consists of Mn, W, Er, V,
and O elements. Furthermore, neither N nor C signals were
observed in the EDS spectrum suggesting the product is pure and
has no surfactant or impurity.
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Of all procedures for preparation of nanoscaled particles high
intensity ultrasound is considered to be the most controllable
and uncomplicated method. Currently, subjecting materials to
ultrasonic rays have received much focus [26–31]. All together,
by above mentioned method, water can turn into H and OH radi-
cals. Current paper contains the proposed procedure stating reduc-
tion of VO3 in presence of H2O2 to generate VO43. In these
consecutive reactions, these two  radicals are successful to make
H2O2 as following [32]:
H2OÞÞÞÞ ! HA^ þ OHA^ ð3Þ
OHA^ þ OHA^ ! H2O2 ð5Þ
HA^ þHA^ ! H2 ð4Þ
HA^ þ O2 ! HOA^2 ð6Þ
HA^ þHOA^2 ! H2O2 7Þ
HOA^2 þHOA^2 ! H2O2 þ O2 ð8ÞFig. 6. SEM images of ErVO4/MnWO4 heterostructure obtained under ultraIn which the symbol)))) is related to the exerting ultrasound
rays. Obviously, for making HO2 radicals both OH and H radicals
should be mixed with each other. Moreover, the combination of
two HO2 radicals can lead to production of H2O2. Other reaction
equation refers to combination of two OH radical with 10 making
hydrogen peroxide. Nevertheless, these radicals can influence the
process of making of products [33]. The first precursors can disperse
in water to form ions. In this attempt, these kinds of precursors are
not volatile, and are ionic. Hence one can conclude the occurrence of
reaction between cavitation bubbles and bulk of solution. Since ionic
precursors have low vapor pressure, they are not able to penetrate in
the inner region of the cavitation in liquid-free zone. Provided that
such ions are in suitable condition, they are able to form nanosized
ErVO4 subordinate to sonication method. Finally, Er3+ reacts with
VO43 ions leading to ErVO4 nanoparticles [34]. Based on the reac-
tions presented in the below one can possibly suggest that hydrogen
peroxide and product can have direct reaction with each other. Also,
we can deduce that the value of hydrogen peroxide is positively con-
nected with ErVO4 nanostructures. It means the rate of nucleation
can enhance with increase in the formation of H2O2. Besides, fast
nucleation can lead to a significant amount of nuclei and as a result
the crystal growth step could be shortened. This, in turn, ends in
production of very tiny particles. This study shows that ultrasonic
method can improve fast production of hydrogen peroxide, and as
a result, quick nucleation can lead to production of very small size
with short time [35].sonic wave for 5 min with power (a) 60 W (b) 120 W and (c) 180 W.
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NH4VO3 þH2O! NHþ4 þ VO4 þHþ þ OH ð9Þ
VO3 þH2O2ÞÞÞÞ ! 3VO34 þH2O ð10Þ
Er3þ þ VO34 ! ErVO4 ð12Þ
MnðNO3Þ2:6H2OþH2O!Mn2þ þ 2NO3 þ 7H2O ð15Þ
Na2WO4 þH2O! 2Naþ þWO2þ4 þHþ þ OH ð13ÞFig. 7. SEM images of ErVO4/MnWO4 heterostructure obtained under ultrasonicMn2þ þWO2þ4 !MnWO4 ð16ÞNH4
þ þ NO3 ! NH4NO3 ð17ÞErðNO3Þ3:6H2Oþ 3NH4VO3 þMnðNO3Þ2:6H2O
þ 2Na2WO4þ ! NH4NO3 þ NaNO3 þ ErVO4=MnWO4 þH2O
ð18Þ
In this procedure cavitation is occurred and as a result, high
local temperature and pressure are made in reaction medium. This
procedure includes the formation, gradual growth, and eventually,
explosion of a series of bulbs [36]. The energies produced for suchwave with 180 W for 10 min 15 min 20 min and without ultrasonic wave.
A. Khoobi et al. / Polyhedron 177 (2020) 114302 9wave can break covalent bond. Also it could be used for homoge-
nization and performing of some chemical reactions such as the
synthesis of nanoparticles, organic materials, and so forth [36–
38]. Consequently, increasing power of waves from 60 to 180 W
can result in enhancement in shock waves and the reduction in
the size of ErVO4/MnWO4 heterostructures (Fig. 6a–c). For investi-
gation of further parameters on morphology of ErVO4/MnWO4
heterostructures, the time was used, and it was prepared in the dif-
ferent times 10, 20, and 30 (Fig. 7a–c). Therefore, increase in the
time of ultrasonic rays can lead to increase in implosive collapse,
and the size of heterostructures can reduce. Hence, the preparation
of heterostructures in the presence of ultrasonic waves with the
power of 180 W in half an hour can produce heterostructures with
the size of 40–70 nm. Furthermore, they have spherical morphol-
ogy and equal size of distribution. In Fig. 7d, we have shown the
fabrication of ErVO4/MnWO4 heterostructures in the absence of
ultrasonic waves. So, making use of ultrasonic waves could be con-
sidered as a method to any reduction in both size and agglomera-
tion of the heterostructures. The TEM different magnification
images are used to confirm the morphology of ErVO4/MnWO4
heterostructures as shown in Fig. 8, showing it has spherical shape
structure with mean diameter range of 30–60 nm.3.3. BET analysis
For the investigation of specific surface area and pore volume
we used BET analysis. We have shown the adsorption/desorption
isotherm and the plot of JH in the Fig. 9a and b (in the absence
of ultrasonic waves) and Fig. 9 c and d (in the presence of ultra-
sonic waves with the power of 180 W in 20 min), respectively.
According to IUPAC classification, adsorption isotherm of ErVO4/Fig. 8. TEM image of ErVO4/MnWO4 heterostructure obtained under ultrasonic
wave with power 180 W for 20 min.MnWO4 heterostructures belongs to type II isotherm. An explana-
tion for the size of disordered pores for ErVO4/MnWO4 heterostruc-
tures prepared in the absence of ultrasonic waves has shown in
Fig. 9 a. The mean pore, specific surface areas and total pore vol-
ume and diameter for this sample were calculated to be
190.55 nm, 1.4109 m2/g and 0.00505 cm3/g, respectively. The dis-
tribution of the size of pores in heterostructures prepared in the
presence of ultrasonic waves has displayed in Fig. 9b. According
to the figure, ErVO4/MnWO4 heterostructures have been dis-
tributed well, and the maximum size of pores is 65 nm. The mean
pore, specific surface areas and total pore volume and diameter for
this sample was found to be 67.63 nm, 106.50 m2/g and
0.3733 cm3/g, respectively (Table 2).
3.4. TGA analysis
The thermal Gravimetric analysis for ErVO4 nanoparticles and
ErVO4/MnWO4 heterostructures has been shown in Fig. 10. As
one can see, the weight of sample changed within 2 steps. First
one includes from 27 C to 225 C, which is related to the evapora-
tion of water molecules, and is physical absorbent. In 225 C water
molecules completely evaporated from the surface of sample. The
second step involves in 225–425 C. In this stage the chemical
absorbent water molecules evaporated and additional compounds
existed in the sample such as nitrates vaporized as well. Therefore,
our findings showed that nanostructures have high stability and
combining with MnWO4 in ErVO4 can lead to increase in stability
of heterostructures [39].
3.5. Analytical applications
3.5.1. Catalytic effect of ErVO4/MnWO4 heterostructures
Electrocatalytic activity of ErVO4/MnWO4 heterostructures was
examined using cyclic voltammetry (CV) technique. The cyclic
voltammetric tests were performed in the present of 5.0 mM redox
probe K3Fe(CN)6 + K4Fe(CN)6) B-R solution (0.2 M, pH 7.0). Fig. 11
shows the cyclic voltammograms of the CPE and ErVO4/MnWO4/
CPE. It is clear that the ErVO4/MnWO4/CPE displays well defined
redox peaks with enhanced current response and reduction in
DEp than the bare CPE. On the other hand, the peak potential differ-
ence DEp decreases in the order CPE > ErVO4/MnWO4/CPE, which
corresponds to the increasing rate constant of electron transfer in
the opposite order. The phenomena suggest that ErVO4/MnWO4/
CPE exhibits faster electron transfer kinetics and possess larger
electroactive surface area compared to CPE. It approves the strong
electrocatalytic ability of the ErVO4/MnWO4 heterostructures that
shows the nanostructures can be acts as a potential surface for sen-
sitive determination of Tyr. The electrocatalytic mechanism for
redox probe K3Fe(CN)6 + K4Fe(CN)6) can be described as follow: as
the potential is scanned positively (forward scan, here) and is suffi-
ciently positive to oxidize Fe(CN)64, the anodic current is due to the
electrode process (Fe(CN)64 ? Fe(CN)63 + e). Therefore, the elec-
trode acts as an oxidant and the oxidation current increases to a
peak. The concentration of Fe(CN)64 at the electrode surface
depletes and the current then decays. As the scan direction is
switched to negative, for the reverse scan the potential is still suffi-
ciently positive to oxidize Fe(CN)64, so anodic current continues
even though the potential is now scanning in the negative direction.
When the electrode becomes a sufficiently strong reductant, Fe
(CN)63, which has been forming adjacent to the electrode
surface, will be reduced by the electrode process (Fe(CN)63 + e
? Fe(CN)64), resulting in a cathodic current which peaks and then
decays as Fe(CN)63 in the solution adjacent to the electrode is con-
sumed. In the forward scan Fe(CN)63 is electrochemically generated
from Fe(CN)64 (anodic process) and in the reverse scan this
Fe(CN)63 is reduced back to Fe(CN)64 (cathodic process).
Fig. 10. TGA spectra of (a) ErVO4 and (b) ErVO4/MnWO4 heterostructure.
-50.0
-35.0
-20.0
-5.0
10.0
25.0
40.0
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
I /
 μ
A
E / V vs. Ag/AgCl/KCl (3.0 M)
(a) CPE
(b) ErVO4/MnWO4/CPE
(b)
(a)
Fig. 11. Cyclic voltammograms of 5.0 mM [Fe(CN)6]3/4 in B-R buffer at the surface
of (a) CPE and (b) ErVO4/MnWO4/CPE.
Fig. 9. BET pattern of ErVO4/MnWO4 heterostructure obtained (a,b) without ultrasonic wave and (c,d) under ultrasonic wave for 20 min with power 180 W.
10 A. Khoobi et al. / Polyhedron 177 (2020) 114302Also for more characterization of the nanostructured modified
electrode, EIS technique was used. EIS graphs of the unmodified
and modified electrodes in the presence of [Fe(CN)6]3/4 (Fe2+/
Fe3+) as redox probe is presented in Fig. 12. Significant difference
of Rct was observed upon the stepwise formation of the ErVO4/MnWO4/CPE. The Rct values for the bare CPE and ErVO4/MnWO4/
CPE were 5595 X cm2 and 1680 X, respectively. The phenomenon
can be attributed to the presence of the ErVO4/MnWO4
heterostructure on the structure of the CPE that accelerates the
transfer of the electrons at the surface of the electrode.
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Fig. 12. The Nyquist plots of the bare CPE (a) and modified ErVO4/MnWO4/CPE (b)
the presence of 5.0 mM [Fe(CN)6]3/4.
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In order to achieve the best results in determination of Tyr, the
influences of the different variables were studied using multivari-
ate optimization. In this study, the RCCD method was applied for
optimization of chemical and instrumental factors which lead to
the higher sensitivity for Tyr amino acid. Therefore, 27 experi-
ments were designed and performed according to the design
matrix with coded levels of variables as shown in Table 3. Residu-
als have been defined as difference between the predicted and the
experimental responses and plots of the residuals were applied for
sufficiency of the models. Fig. 13 displays that the normal probabil-
ity plot follows a right line and the residuals randomly disperse in
the residual plots. Also, Figs. 14 and 15 show the surface and con-
tour plots of Tyr using DPV responses achieved from the 27 exper-
iments, respectively. Fitness of quadratic model is estimated by the
analysis of variance (ANOVA). According to the results obtained
from ANOVA and the plots, the optimized values of parameters
were calculated and presented in Table 4. Also, the predicted val-
ues match the observed values reasonably well with R2 of 99.71%
and adjusted R2 of 98.37% for response Y. From the data, it can
be established that the response equation can generate a suitable
and reasonable model for RCCD.4.03.53.02.52.01.51.0
Fitted Value
Fig. 13. (A) Residual and (B) normal probability plots of Tyr.3.5.3. Electrochemical behavior of Tyr at the ErVO4/MnWO4/CPE
The cyclic voltammogram of Tyr at the surface of bare CPE and
modified ErVO4/MnWO4/CPE were recorded. Fig. 16 displays the
voltammograms of B-R buffer solution (pH 7.00) at the surface of
a CPE and ErVO4/MnWO4/CPE in the absence (curve a) and pres-
ence of Tyr (curves b, c). The analyte shows a relatively broad
and weak oxidation peak at 800 mV (curve b). However, with the
ErVO4/MnWO4/CPE (curve c), the oxidation peak becomes well-
defined and sharp, with a magnification of 3.9 times greater than
bare CPE and a negative potential shift of 110.0 mV. The lower
overpotential and the rise in current response are clear evidenceTable 3
Selected coded and actual levels of factors for Tyr.
Parameters Coded levels
Name a (2)
X1 pH 5.00
X2 ErVO4/MnWO4 amount (mg) 1.00
X3 Step potential (V) 0.001
X4 Pulse height (V) 0.02of the electrocatalytic effect of the nanostructured modified elec-
trode on the oxidation of Tyr amino acid.3.5.4. Determination of Tyr at the ErVO4/MnWO4/CPE
One of the main purposes of the study is constructing a nanos-
tructured sensitive surface for electrocatalytic determination of1 0 +1 +a (+2)
6.00 7.00 8.00 9.00
2.00 3.00 4.00 5.00
0.003 0.005 0.007 0.009
0.03 0.04 0.05 0.06
1
0
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0
2
3
-1 0 -11
Ip / μA
X2
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10
0
2
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Fig. 14. Surface plots of the interaction effects of pH (X1), ErVO4/MnWO4 heterostructure amount (mg, X2), step potential (V, X3) and pulse height (V, X4) on DPV response of
Tyr.
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Fig. 15. Contour plots of the interaction effects of pH (X1), ErVO4/MnWO4 heterostructure (mg, X2), step potential (V, X3) and pulse height (V, X4) on DPV response of Tyr.
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Table 4
Optimized levels of effective parameters on DPV
responses of Tyr.
Variables Optimum values
pH 7.38
ErVO4/MnWO4 amount (mg) 2.58
Step potential (V) 0.006
Pulse height (V) 0.04
0.0
1.0
2.0
3.0
4.0
5.0
6.0
0.3 0.5 0.6 0.8 0.9 1.1
I /
 μ
A
E / V vs. Ag/AgCl/KCl (3.0 M)
(a) ErVO4/MnWO4/CPE, B-R buffer
(b) CPE, B-R buffer, Tyr
(c) ErVO4/MnWO4/CPE, B-R buffer, Tyr
c
b
a
Fig. 16. (a) Cyclic voltammograms of B-R buffer, (a): at ErVO4/MnWO4/CPE, (b) and
(c) in the presence of Tyr at CPE and ErVO4/MnWO4/CPE, respectively.
Table 5
Comparison of Tyr determination with different electrochemical sensors.
Sensor Linear range
(lM)
Detection limit
(lM)
Reference
Nafion/TiO2-GR/GCEa 10.0–160.0 2.3 [45]
Butyrylcholine/GCE 4.0–100.0 0.4 [46]
ERGO/GCEb 0.5–80.0 0.2 [47]
CuO-NPs/CCEc 2.0–70.0 0.16 [48]
UT-g-C3N4/Ag/GCEd 1.0–150.0 0.14 [49]
Ag/Rutin-WGEe 0.3–10 0.07 [50]
ErVO4/MnWO4/CPE 0.08–400.0 0.0077 This work
a Nafion/TiO2-graphene/glassy carbon electrode.
b Electrochemically reduced graphene oxide/glassy carbon electrode.
c Ccopper oxide nanoparticles/carbon ceramic electrode.
d Ultrathin-g-C3N4/Ag/glassy carbon electrode.
e Silver nanoparticles and Rutin complex film modified paraffin-impregnated
graphite electrode.
A. Khoobi et al. / Polyhedron 177 (2020) 114302 13Tyr. Therefore, DPV method was applied for estimate of the detec-
tion limit of Tyr. Fig. 17(A) shows the differential pulse voltammo-
grams of Tyr in different concentrations at the surface of ErVO4/
MnWO4/CPE under the optimized conditions. Besides, Fig. 17(B)
displays the oxidation peak current of Tyr has two linear calibra-
tion ranges of 0.08–2.0 lM and 2.0–400.0 lM. According to theFig. 17. (A) Differential pulse voltammograms of ErVO4/MnWO4/CPE in B-R buffer, contai
Plot of the peak current as a function of Tyr concentration.data, the limit of detection (3r) of Tyr was obtained 7.7 nM. In
Table 5, some of the analytical parameters of the present work
are compared with those previously reported by others [40–44].
These data establish that the responses of the proposed sensor
are superior to the previously reported literatures.
3.5.5. Interference studies
The influence of common interfering species was studied in the
presence of 20.00 lM Tyr using DPV techniques. The results indi-
cated that the concentrations of Na+, K+, NH4+, Cl, CO32, ascorbic
acid, acetaminophen, glycine, alanine, phenylalanine, arginine
and proline did not significantly influence the height of the oxida-
tion peak current of Tyr at the surface of ErVO4/MnWO4/CPE. The
results are listed in Fig. 18. The tolerance limit was considered as
the concentrations which give an error of <5.0% in the determina-
tion of Tyr.
3.5.6. Real sample analysis
In order to examine the applicability of the proposed method in
analysis of real complicated samples, the ErVO4/MnWO4/CPE wasning different concentrations of Tyr, a-u correspond to: 0.08–400.0lMof Tyr and (B)
Table 6
Determination of Tyr in biological samples at the surface of ErVO4/MnWO4/CPE.
Sample (Human blood serum) Added (mM) Found (mM) Recovery (%)
1 0.0 Not detected –
2 4.0 3.8 95.0
3 8.0 8.2 102.5
4 12.0 12.4 104.1
5 16.0 15.6 97.5
6 20.0 19.2 96.0
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Fig. 18. Plots of (A) concentration and (B) tolerance limit for influence of some
foreign substances for Tyr.
14 A. Khoobi et al. / Polyhedron 177 (2020) 114302applied for detection of Tyr in human blood serum samples. After
analysis by DPV, no Tyr was detected, and as a result spike method
was performed. As shown in Table 6, the recovery of 95.0–104.1%
was achieved that suggests the nanostructured sensor can be
applied successfully to analysis of Tyr in biological samples.
4. Conclusion
This paper reports synthesis of ErVO4/MnWO4 heterostructure
by ultrasonic method with decreased size. The TG indicated that
nanostructures have high stability and combining of MnWO4 with
ErVO4 ends in increase stability of heterostructures. Additionally,
ErVO4/MnWO4 heterostructure was used for preparation of a
nanostructured modified sensor. CV and EIS analysis showed that
the nanostructured modified electrode create an excellent
electrocatalytic effect for Tyr. A multivariate strategy was used
for simultaneous optimization of all effective parameters on the
determination of Tyr. Also, the nanostructured sensor has been
successfully used for detection of Tyr amino acid in biological
complicated samples.Acknowledgments
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